The topography and continental configuration of East Asia favor the year-round existence of storm tracks that extend thousands of kilometers from China into the northwestern Pacific Ocean, producing zonally elongated patterns of rainfall that we call "frontal rain events." In spring and early summer (known as "Meiyu Season"), frontal rainfall intensifies and shifts northward during a series of stages collectively known as the East Asian summer monsoon. Using a new technique called the Frontal Rain Event Detection Algorithm (FREDA), we create a daily catalog of all frontal rain events in East China during 1951-2007, quantify their attributes, and classify all rainfall on each day as either frontal, resulting from large-scale convergence, or nonfrontal, produced by local buoyancy, topography or typhoons. Our climatology shows that the East Asian summer monsoon consists of a series of coupled changes in frontal rain event frequency, latitude and daily accumulation. Furthermore, decadal changes in the amount and distribution of rainfall in East China are overwhelmingly due to changes in frontal rainfall. We attribute the "South Flood-North Drought" pattern observed beginning in the 1980s to changes in the frequency of frontal rain events, while the years 1994-2007 witnessed an uptick in event daily accumulation relative to the rest of the study years. This particular signature may reflect the relative impacts of global warming, aerosol loading and natural variability on regional rainfall, potentially via shifting the East Asian jet stream.
May to August via the East Asian summer monsoon. The period of peak rainfall lasting from early June to mid-July is called "Meiyu season" (lit. "plum rains," referring to the spectacular growth of plum blossoms in the region with the onset of heavy rains). During this time, persistent frontal synoptic conditions (the "Meiyu Front") favor heavy rainfall in zonal bands with a southwest-northeast tilt. The summer meteorology of Japan and Korea also features similar phenomena (the "Baiu" and "Changma" respectively). The contribution from these frontal rain events explains the East Asian monsoon's unique rainfall seasonality relative to other monsoon circulations (1) . More generally, frontal rainfall is observed year-round due to the interplay between the East Asian tropospheric jet and Tibetan Plateau (2) (3) (4) . According to our subsequent analysis, frontal rainfall constitutes at least 50% of yearly total rainfall in much of East China (hereafter defined as the region within 105 • E-123 • E and 20 • -40 • N; Figures 1 and S5) .
In this study, we analyze frontal rainfall in East China with the Frontal Rain Event Detection Algorithm (FREDA), an algorithm that locates frontal rain events in daily precipitation maps and quantifies attributes such as their latitude and daily accumulation. We apply FREDA to APHRODITE precipitation data from East China to create a catalog of all frontal rain events during 1951-2007 (20,819 days total), and we also classify all rainfall on each day as either frontal or non-frontal. Both the data set and algorithm are described in greater details in the Materials and Methods.
The resulting data set registers decadal changes in frontal rainfall due to its temporal extent. We investigate the "South Flood-North Drought" phenomenon reported in East China post-1980 (5) (6) (7) , as well as a reported rainfall change between 1980-1993 and 1994-2007 (8, 9) . While several previous studies have compiled evidence of the variability of the Meiyu front on decadal and centennial timescales (10) (11) (12) , no prior catalog of frontal rainfall exists that spans multiple decades with daily resolution. We hope that our analysis can clarify the impact of external forcing such as global warming and aerosols on East China rainfall, and that historical links can be used to inform future rainfall projections for the region.
Frontal Rain Event Climatology
The mean yearly progression of East China precipitation during 1951-2007 is shown in Figure 2a and can be compared with reference (1) . Abrupt shifts in rainfall and frontal rain event climatology frequently co-occur. Frontal rain events appear in all months, with maximum frequency and mean daily accumulation in late June (80%, 31 mm day −1 ) and a minimum in January (10%, 12 mm day −1 ). We define 5 periods of distinct behavior as demarcated in Figure 2: 1. The Spring Rains (days 61-120, March 2-April 30), previously studied in reference (13) , marked by frequent but relatively weak frontal rain events (47% occurrence, 20 mm day −1 mean);
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2. Pre-Meiyu season (days 121-160, May 1-June 9), during which frontal rainfall and event daily accumulation steadily increase (56% occurrence, 25.5 mm day −1 mean); 3. Meiyu season (days 161-200, June 10-July 19) when a remarkable 7-degree northward shift in mean frontal rain event latitude occurs over the course of several weeks, and their frequency and daily accumulation peaks (66% occurrence, 28.3 mm day −1 mean); 4. Post-Meiyu season (days 201-273, July 20-September 30), when frontal rain events are less common than during the Spring Rains (42% occurrence) but double fronts occur frequently (28% chance of a second front if at least one front observed); 5. The Fall Rains (days 274-320, October 1-November 16), when mean frontal rain event latitude shifts southward from its northern maximum of 30 • N, and event frequency decreases to 27%.
These time periods are chosen subjectively, but our subsequent analysis is not dependent on their exact duration. The Pre-Meiyu, Meiyu and Post-Meiyu are equivalent to the three stages of Meiyu rainfall described in reference (1) . Unlike other monsoonal regions, which tend to be very dry in winter (14) , East China receives about 40% of yearly precipitation between September and April. Our estimated day of onset of Meiyu season roughly matches reference (12) . The Pre-Meiyu to Meiyu and Meiyu to Post-Meiyu transitions both feature rapid northward migrations in preferred location of frontal rainfall ( Figure 1 ). During days 160-180, the likelihood of observing a frontal rain event maximizes between 26 • and 30 • N, yet by days 200-220, a local minimum exists in event frequency relative to other latitudes, and total rainfall decreases from 7.6 mm day −1 to 4.1 mm day −1 . Maxima of frontal rain event frequency and daily accumulation are not always co-located in latitude. Frontal rain events are generally more probable and stronger during spring than in fall. Some periods of heavy rainfall, in particular the August surge over southeastern China (>10 mm day −1 around 20 • N), do not correspond to a surge in frontal rain event frequency. Instead, August and September are known as the months when northwestern Pacific typhoons reach mainland China, which leave favorable rainfall conditions in their wake (15, 16) . Frontal rainfall events with highest daily accumulation are found at low latitudes during October (days 270-300) at the peak of typhoon season (17) .
Frontal versus Non-Frontal Rainfall. FREDA partitions daily rainfall into frontal and non-frontal components. We envision frontal rainfall as the product of large-scale frontal convergence, while non-frontal rainfall includes local convection, orographic rainfall and typhoon rainfall. The fraction of annual rainfall that is frontal exceeds 60% in much of Central China, reaching a maximum of 74% in Jiangxi Province ( the same between seasons, with a peak in July-August more typical of other monsoons (Figures 1 and S6 ). Topographic features such as the South China/Qinling mountains and Sichuan Basin anchor regional maxima of non-frontal rainfall. Frontal rainfall only constitutes a noticeable fraction of Taiwanese rainfall during the Pre-Meiyu. In fact, the term Meiyu season as used in Taiwan refers to late May (12, 18) , not June 10-July 19 as in our study.
Decadal Changes
We compare the first and second halves of our record (1980-2007 versus 1951-1979 ) and third and fourth quarters (1994-2007 versus 1980-1993) . Our results are robust to different choices of years. Spatial changes in rainfall between time periods are shown in Figure 3 , decomposed into frontal and non-frontal rainfall changes. Figure (Figure 3 ). Pronounced regional shifts are also visible in Taiwan, South Korea and parts of Japan. By partitioning changes into frontal and non-frontal components, two observations can be made: 1) frontal and non-frontal rainfall changes are uncorrelated; 2) changes in total rainfall are predominantly contributed by changes in frontal rainfall, except in Taiwan. Frontal rainfall anomalies are concentrated in summer, when events are most frequent. In northeastern China, yearly rainfall totals after 1980 decreased due to a decline in frontal rainfall during the Post-Meiyu (July 20-Sep 30). In southeastern China, a corresponding increase in frontal rainfall during the Post-Meiyu is offset by a decline in rainfall during the Pre-Meiyu, such that the yearly change is not statistically significant. Instead, the seasonality of southeastern China rainfall has changed, with later pre-Meiyu onset and more intense Meiyu and Post-Meiyu seasons. The decadal evolution of frontal rainfall and constancy of nonfrontal rainfall suggests that frontal rainfall has responded to variations in external forcing.
Changes in frontal rainfall can be attributed to changes in frontal rain event frequency or daily accumulation. Between 1980 Between -2007 Between and 1951 Between -1979 , changes in event frequency predominate, while no significant changes in daily accumulation are found, contrary to the findings of (19) ( Figure 5 ). The probability of observing a frontal rain event during the Pre-Meiyu declined from 59.1% ± 2.0% to 53.0% ± 2.1% (p = 0.020; Figure 4 ), leading to a 2 mm day −1 daily deficit in frontal rainfall ( Figure 5 ). During the Post-Meiyu, the frequency of frontal rainfall in northeastern China also declined, inducing a southward shift in mean frontal rain event latitude from 30. 249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310   311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347  348  349  350  351  352  353  354  355  356  357  358  359  360  361  362  363  364  365  366  367  368  369  370  371 confirm that the change in overall distribution of latitude is statistically significant (p < .0011; Table S1 ). In summary, the South Flood-North Drought meridional dipole resulted from changes in the frequency of frontal rainfall during the pre-Meiyu and post-Meiyu. The latter change is also manifested as a statistically significant southward shift in post-Meiyu and yearly mean frontal rain event latitude (Figure 4 ).
1994-2007 versus 1980-1993.
Decadal rainfall changes between the third and fourth quarters of the record are again dominated by changes in frontal rainfall. No significant changes in frontal rain event frequency are observed. Instead we pinpoint changes in event daily accumulation as the cause of rainfall changes between 1980-1993 and 1994-2007 . Frontal rain events intensified during Meiyu season (27.1 ± .5 mm day −1 to 29.8 ± .6 mm day −1 , p = .9997), particularly in southeastern China (Figure 5d ), leading to increased yearly rainfall totals south of 30 • N. Again, the change in distribution is also significant (p < .001; Table S2 ). The wetting of southeastern China during 1994-2007 is also reflected in a shift in Meiyu season mean frontal rain event latitude from 30.0 • N ± .2 • to 28.9 • N ± .2 • (p = .0003, Figure 4b ) due to the aforementioned changes in daily accumulation.
Discussion
This work has aimed to quantify the role of frontal storms in the yearly rainfall climatology of eastern China. We have devel- We suggest that these two decadal changes in frontal rain event behavior may result from different causal mechanisms. Past authors have attributed decadal rainfall changes in East Asia to a combination of anthropogenic forcing (20) (21) (22) and natural variability (23, 24) . Global warming may affect the East Asian monsoon via changes in Pacific and Indian Ocean SST (6, 25) and the ENSO cycle (26) . Other authors have focused on the effect of the surge in black carbon aerosols in conjunction with Asia's industrialization (27) (28) (29) . High PM10 aerosol concentration (diameter < 10µm) has been correlated with increased medium-to-heavy rainfall and decreased light rainfall (30, 31) , possibly linked to the daily accumulation increases in 1994-2007 shown in this study.
We posit that the shifts in frontal rain event frequency and latitude over the 57-year record reflect changes in large-scale atmospheric circulation, in particular the annual cycle of the East Asian jetstream (32, 33) . On paleoclimate time scales, synchronized changes in dust records and speleothems have been attributed to modulation in the East Asian jet's summer advance (34 Assessment Report (IPCC AR5) does not agree on the sign of future summer rainfall changes in East Asia (36) . Depending on the relative roles of global warming, aerosols and natural variability, future rainfall patterns may resemble or diverge from 20 th century climatology. The projected 21 st century decline in anthropogenic aerosol concentration (37) and shifts in the Northern Hemisphere jetstream (38) could leave distinct and detectable "thumbprints" on rainfall intensity and frequency changes (31, (39) (40) (41) . Understanding the specific atmospheric phenomena involved in 20 th -century changes in eastern China rainfall characteristics may lead to improved projection of future precipitation in this region. (12), but its temporal extent allows us here to study decadal change. We use the words "rainfall" and "precipitation" interchangeably since most precipitation in the study region consists of rain, although snow is common in northeastern China during winter. Figure S1 ). On each day where a frontal rain event is present, FREDA approximates the event's position as a straight line. A weighted linear fit is performed of the latitude of maximum rainfall at each longitude, using daily accumulation as weighting and discarding outliers far from the centroid of precipitation. This fit is then recursively repeated with an increasingly narrow window around the previous guess ( Figure  S2 ). The algorithm is illustrated in Figures S1-S4 and described in greater detail in (43) . Once a fit is achieved, the following metrics are calculated:
Materials and Methods
• Quality Score (Q): The fraction of daily total East China rainfall that falls within 2.5 • degrees of the best fit line ( Figure  S3 ).
• Latitude: The latitude of the best fit line at 115 • E.
• Daily Accumulation: Mean daily rainfall averaged over all "frontal points" (any point along the best fit line where daily rainfall exceeds 5 mm day −1 ).
• Length: Total zonal extent of frontal points ( • of longitude)
• Width: Mean distance between half-maxima (intmax/2) on either side of each frontal point ( • of latitude). On some days, two frontal rain events coexist. The more intense of the two is termed "primary," and the weaker "secondary." Secondary frontal rain events are detected by first removing all frontal rainfall associated with the primary front and rerunning the detection algorithm on a map of leftover rainfall (the exact definition of frontal rainfall is given below). If two events coexist, conditional quality scores Q 1 and Q 2 are calculated. Q 1 is defined as the fraction of daily East China rainfall that fell within 2.5 • degrees of the primary frontal rain event after removing secondary event rainfall, and vice versa for Q 2 .
Quality Control. Out of 20,819 days, a frontal rain event was detected on 11,228 days. On 1,116 days, a secondary event was also detected. Subsequently, we use quality scores Q, Q 1 and Q 2 to identify poor fits. One of the following criteria must be met for a fit to be accepted:
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be classified as a double event day (Type I double event; 232 cases). 3.1% of days where Q > .6 also achieve Q 2 > .6.
2. If Q < .6, the fit is discarded unless two frontal rain events are detected and conditional quality scores Q 1 and Q 2 both exceed . 6 . In such cases, the presence of multiple events of comparable intensity initially obscures the goodness of fit ( Figure S4 ). Such days are also classified as double event days (Type II double event; 466 cases).
The use of conditional quality scores Q 1 and Q 2 adds 466 double event fits that would otherwise have been missed due to a Q below .6. 33.2% of double event days are Type I (Q > .6) and 66.8% Type II (Q < .6) as defined above. Double frontal rain events are more common during certain months, particularly July-September. We also calculate the "Taiwan fraction" T W (percentage of daily East China rainfall falling over the island of Taiwan, 120-122 • E and 22-26 • N) to identify days when Taiwan receives far more rain than East China, skewing the FREDA best fit ( Figure S3 ). Fits on days where T W > 20% are thrown out.
Frontal and Non-Frontal Rainfall. FREDA classifies all rainfall on each day as either frontal or non-frontal. Frontal rainfall consists of all rainfall falling within 4 • of latitude of a frontal rain event axis and any other adjacent points where rainfall exceeds 10 mm day −1 (Figure S4 ). This partition is based on our knowledge of the physical mechanisms of rainfall in eastern China: Frontal rainfall results from large-scale convergence due to frontal conditions and the propagation of westerly storms across thousands of kilometers (2, 44) , whereas non-frontal rainfall results either from mechanisms with shorter length scales, such as convective self-buoyancy and orographic rainfall, or from the passage of typhoons. We cannot rule out that multiple mechanisms are capable of producing frontal rainfall, or that the mechanism of formation varies by season.
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Alternative Metrics of China Rainfall.
Since the FREDA method is complex, we must justify its use by proving that it supplies information about China rainfall beyond what simpler metrics can provide. We tested the following suite of daily rainfall metrics: In general, the changes in these metrics are fewer and less discernible than those revealed by the use of FREDA.
Temporal Autocorrelation. Fronts and frontal rain events tend to persist for several days. Therefore, rainfall amounts and front attributes on successive days are not fully independent observations, which reduces the effective number of degrees of freedom of these time series. This temporal autocorrelation must be accounted for in calculations of statistical significance such as estimating the p-value of a change in frontal rain event frequency between two time periods. In this particular case, we use the analytic formula for a Bernoulli process (applicable for any time series where observations are binary) with effective number of degrees of freedom n = N τ for number of days N and decorrelation time τ given by
where ρ(k) is the autocorrelation function of frontal rain event presence with lag k (2). We calculate τ using a maximum lag of m = 10 days. The yearly mean decorrelation timescale of frontal rain event frequency is found to be τ = 1.81 after removing the seasonal cycle. This value is used to calculate significance of changes in Figure 3b . The standard deviation and p-values of frontal rain event frequency shown in Figure 4 use seasonal values of τ shown in (3) . τ is also used to select block length for moving blocks bootstrap tests, as described below.
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Significance of Changes.
Bootstrapping with and without Replacement. Observations of frontal rain event latitude and daily accumulation during a given time period obey unknown distributions. Therefore, we require non-parametric tests to estimate the standard deviation of their mean and the significance of changes in mean. We employ bootstrapping with and without replacement (the latter also known as a permutation test), well-established techniques that estimate quantities of interest by constructing synthetic distributions with random sampling of original data (4) . We calculate the significance of changes in mean frontal rain event latitude and daily accumulation between 1951-1979 and 1980-2007 , and also repeat our methodology for 1980-1993 versus 1994-2007 ( Figure 4) .
Moving Blocks Bootstrap. The bootstrap must be adapted for time series featuring temporal autocorrelation. In such time series, a single anomalous weather event will persist over several days, and a bootstrap method will tend to exaggerate the significance of differences between the two original distributions. To avoid this scenario, we use a moving blocks bootstrap test, described for instance in (5) . This technique is identical to bootstrapping with replacement except that samples are drawn in continuous blocks of length n that preserve the time structure of the original data set. Block length is chosen based on decorrelation time scale τ . The autocorrelation of daily rainfall in China is approximately τ = 2 − 3 days, and therefore the significance estimates in Figure 5a and b use a moving blocks bootstrap with block length of 2 days and 2000 iterations. In general, a choice of block lengths between 2 and 5 days leads to similar results. Our MATLAB code for the permutation test and the moving blocks bootstrap is included in the appendix.
Significance of Changes in Distribution.
A moving blocks bootstrap cannot be used for time series with gaps. However, using a permutation test to estimate the significance of changes in the mean of latitude and daily accumulation may overestimate their significance. Therefore, we verify results by also implementing a Kolmogorov-Smirnov (K-S) and Anderson-Darling (A-D) tests, each of which estimates the probability that two samples were drawn from the same distribution. Both the K-S and A-D tests define a test statistic based on the largest difference between the observed probability distribution of two samples. Similar to a t-test, the value of this test statistic can be translated into a p-value. We first define the empirical distribution function F 1 (x) and F 2 (x) of each sample. All n observations in each sample are ordered as {X 1 < ... < X n }, after which F (x) is calculated as follows:
The K-S test statistic D is then defined as the maximal distance between the two empirical distribution functions:
D can then be inverted to derive a p-value. The Anderson-Darling (A-D) test statistic A 2 resembles D, but is formulated to be more sensitive to the tails of the distribution:
A 2 can likewise be translated into a p-value. The K-S and A-D tests cannot be used if values are repeated within samples, because D and A 2 are then undefined. We solve this problem by using bootstrap versions of these tests. Bootstrap K-S and A-D tests were performed as tests in R with 10,000 iterations. The significance of changes in the distribution of frontal rain event latitude and daily accumulation were previously presented in (3) . Both tests produce fairly similar results. Figure S4 ) -An initial fit appears to be of poor quality (Q < .6). However, after finding a secondary event, we determine that conditional quality scores Q1 and Q2 are sufficiently high, and the double event fit is successful. . S4 . a) The first pass of the recursive fit algorithm converges on the strongest frontal rain event, around 37 • N (defined as the "primary event"). The frontal rainfall associated with the primary event is shaded with red hatchmarks. b) All frontal rainfall from the primary event is removed, and we check for the presence of another event (a "secondary event"), again using the continuous maximum criterion. When this criterion is satisfied, we find the secondary event's position with the recursive fit algorithm. 
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